between 14 and 4 km (Fig. 1a) . Sufficient coincident deep seismic reflection and 53 refraction profiles across magma-poor rifted margins now exist to enable a rigorous 54 comparison between the observed maximum crustal thickness above or juxtaposed 55 against serpentinised mantle, and the thickness at which complete crustal embrittlement 56 is expected to occur 8 ( Fig. 1 and Supplementary Fig. S1 ; Methods). Our compilation 57
shows that serpentinite is found only where the crust is thin enough to have become 58 entirely brittle during rifting and for many margins, such as Porcupine Basin 9 and 59 Southeast Flemish Cap 10 , conjugate to Galicia margin the predictions exactly match the 60 observations Supplementary Fig. S1 ). At some margins (e.g., Nova 61 Scotia 11 ; Fig. 1e and Supplementary Fig. S1 ) serpentintite only occurs beneath crust 62 both thinner and some distance oceanward than predicted. However, in each case thick 63 synrift sediments and/or salt, both known to reduce permeability 12 , are present. It is 64
clear that a brittle crust is not the only criterion for the serpentinisation; suitable fluid 65 pathways must also exist. Perhaps most intriguingly, at other margins, the misfit is small, 66 with serpentinite only occurring under crust that is thinner than predicted but only about 67 a fault block spacing (5-10 km) further oceanward than predicted (Figs. 1a and d, 68 Supplementary Fig. S1 ). This observation suggests that the serpentinisation process may 69 be controlled by faults cutting down from the seafloor to the mantle. Thus at all 70 serpentinite margins, where block bounding normal faults are well imaged, there is a 71 strong link between the presence and the spacing of the brittle faulting in the thin crust 72 and the serpentinisation of the underlying mantle. 73
74
The Deep Galicia segment of the magma-poor west Iberia rifted margin (Figs 1 and 2d) 75 is one such margin. Here, rifting led to the formation of hyperextended continental crust 76 with serpentinisation, detachment faulting and subsequent mantle exhumation 13 . 77
Serpentinite has a lower density and coefficient of friction than fresh mantle peridotite 78 and causes weakening of the mantle 14 . The most recent normal faults soled out into the 79 weaker serpentinite layer, forming a detachment-like surface at the boundary between 80 the fault-bounded tilted crustal blocks and serpentinised mantle, a boundary described 81 from seismic reflection profiles as the "S reflector"
13 . 82
83
We compare the 3D compressional (P-) wave velocity structure of the Deep Galicia 84
Margin obtained from first-arrival travel-time tomography (Methods) with tectonic 85 structure from representative pre-stack depth migrated multi-channel seismic reflection 86 profiles, migrated using independent velocity models ( Velocities beneath the S reflector increase to 7.5 km/s over a mean depth interval of 1.2 97 km. If these velocity variations are attributed solely to variations in the degree of 98 serpentinisation, they would correspond to a decrease from ~45% serpentinisation (6% 99 by weight of water) immediately below the S reflector to ~15% at depths of ~1.2 km 100 below the S reflector. The inversion yields a smooth, isotropic model. Anisotropy is 101
likely to be present in the uppermost mantle but limited to a few per cent when 102 velocities are reduced by serpentinisation to 6.5-7.5 km/s 16 . 103 reflector, this velocity increase occurs over a larger depth interval (~2 km), suggesting a 106 locally thicker zone of highly serpentinised mantle (Figs. 2 and 3a) . This observation 107 implies that faults in the hanging-wall of the S reflector have had a role in the transport 108 of seawater to the mantle. Alternatively, velocities could be reduced by the presence 109 beneath S of lower crustal material or of frozen melt. However, lower crustal material is 110 unlikely because none is imaged on coincident seismic reflection profiles, and mafic 111 intrusions are also unlikely as no magmatism is known at this margin, and we would not 112 expect its location to be controlled by faulting processes above S. 113
114
The volume of seawater supplied to the mantle has been estimated from the volume of 115 the serpentinised region and the degree of serpentinisation (Methods). Each block-116 bounding fault is associated with a maximum in water uptake, implying not only that the 117 water uptake was controlled by the deformation associated with those faults but also that 118 the serpentinised mantle has subsequently moved with the overlying fault blocks, 119 requiring the S detachment progressively to have become inactive, as expected for 120 brittle sequential faulting 17 Supplementary Fig. S8c, F6 , profile ISE1), 132
is not used for the estimation of time integrated fluxes. At that location the observed 133 high degree of serpentinisation may be due to the direct connection at breakup time 134 between the ocean and the exhumed foot-wall mantle. This environment may have been 135 similar to off-axis, low-temperature, ultra-mafic hosted foot-wall hydrothermal systems 136 observed at mid-ocean ridges 21 . 137 138 The strong correlation between the water volumes and the fault displacements 139 (correlation coefficient: 0.91, probability of no correlation: 0.006; Fig Water circulation in the crust may be driven by episodic changes in tectonic stress and 152 in fault zone permeability 6 . A combination of coupled fluid pressure and mean stress, 153 suction pumping action and fault-valve action leads to the cyclic accumulation of water, 154 followed by fault reactivation and release of fluids 25 . Rather than using the fault 155 damage zone, the downflow may occur through antithetic faults created at the tips of7 normal faults when they penetrate into regions of reduced yield stress 6 , with any upflow 157 through the fault damage zone. At the Deep Galicia Margin such antithetic faults might 158 have started to form where the normal faults sole out onto the S reflector detachment 159 surface. As the opening of such antithetic faults is driven by the slip cycle on the main 160 block-bounding fault, fluid flow will also be proportional to the slip on that fault, 161 explaining the fit in Figure 3c . This latter mechanism may explain why serpentinisation 162 appears to be focused beneath the hanging-walls of the normal faults detaching onto S 163 (Fig. 2) . 164 165 We do not infer 100% serpentinisation anywhere below the S reflector. The production 166 of new serpentinite depends on the temperature of the medium and the access of the 167 water to the unreacted peridotite, which is controlled by the water supply and the 168 porosity and the permeability of the medium 26, 27 . Serpentinite has a lower permeability 169 (10 -23 -10 -22 m 2 ) than crustal rocks and faults and serpentinisation is a volume-increasing 170 process (up to 40% of volume expansion 3, 27 ) that reduces the initial rock porosity to 171 near zero. However, due to the volume expansion, cracking occurs and locally increases 172 the permeability. Within the serpentinite the water flow uses these cracks and is driven 173 by the pressure gradient created by the serpentinisation 27 . The incomplete 174 serpentinisation may suggest an insufficient water supply, in which case all of the 175 available water may have been consumed. 176 177 Alternatively, high temperatures and/or the limited access of the water to fresh mantle 178 peridotite may have resulted in a low serpentinisation rate. In that case, the water may 179 have been recycled by upflow along the faults. At the onset of serpentinisation during 180 continental breakup, the crust is less than 14 km thick (Fig. 1a) , and the mantle is at 181 around 400-500 °C, i.e. the upper limit of the serpentinite stability8 gradient is high and remains high due to heat released during serpentinisation, providing 183 suitable conditions for focused upflow along the fault damage zones. If such 184 hydrothermal circulation is initiated, it will continue until the pore-filling reactions 185 between the hydrothermal fluids and the cold crustal rocks and ambient fluids lower the 186 damage zone permeability again 22 . 187 188 Here we quantified the fluid fluxes in a rifted margin setting, but our approach could 189 also be at mid-ocean ridges and subduction zones given seismic data of sufficient 190 resolution. Our results show that when the entire crust becomes brittle during extension, 191 bulk serpentinisation in the upper 2 km of the mantle is enhanced close to crustal faults, 192 and thus that hydration of the upper mantle is fault-controlled. Data derived from seismic profiles (Fig. 2a -c) from seismic reflection data and the depth to the Moho and distribution of mantle 338 serpentinisation from wide-angle seismic data ( Supplementary Fig. S1 ). From these 339 profiles, we determined the maximum crustal thickness either beneath which detectable 340 serpentinisation occurs (e.g. Galicia), or where crust and serpentinite are juxtaposed (e.g. respectively. OBS/H data were corrected for internal clock drifts and instruments were 352 relocated using a 2D iterative inversion (Supplementary Information). In our analysis 353 we used first arrival travel-times from 48 OBS/H spread across the survey area 354 (Supplementary Fig. S2 ). The pick uncertainty was estimated visually as a function ofsignal noise ratio and varied from 50 to 230 ms. 356
357
The P-wave velocity image was constructed using a non-linear iterative tomographic 358 technique (FAST 29 ) . A total of 155,924 first arrival times was used, corresponding 359 mostly to crustal refractions, since there are few first arrivals from shallower parts of the 360 structure ( Supplementary Fig. S3 ). We used a forward grid of 0.5 km node interval and 361 an inverse grid of 1 km cell size. The starting models used in this study and the 362 resolution and uncertainty of the inversion results are discussed in the Supplementary 363
Information (Supplementary Figs. S4 -S7 ). 364 365 P-wave velocities were converted to percentage of serpentinization below the depth of 366 the S reflector and the water content by weight was estimated using an empirical 367 relationship 30 ( Fig. 3 and Supplementary Fig. S8 ). The water content may be 368 overestimated because of model smoothing across a velocity discontinuity. The weight 369 of serpentinite was calculated using the estimated density of the serpentinite at each grid 370 node and the water weight percentages were used to calculate the water volume. The 371 water volume associated with a given block-bounding normal fault was estimated by 372 integrating the water volume over a vertical interval of 2.5 km beneath the S reflector 373 and a horizontal interval of 7 km ( Fig. 3 and Supplementary Fig. S8 ). The bottom of the 374 depth interval was chosen to be close to the limit of ray coverage ( Supplementary Fig.  375 S5). The horizontal integration interval approximates the width of the region of reduced 376 velocities around an isolated fault (Figs 2b and 3a, F5, profile IAM 11) . The values 377 resulting from the vertical and horizontal integration (Fig. 3c) represent the water 378 volume per unit length along the margin that is associated with a given fault. Some of 379 this fluid will have been fed by the S detachment itself, perhaps represented by the 380 intercept on the vertical axis of the regression line shown in Fig. 3c . The minimum time rift duration [Myr] d ry q u a rt z 5 0 :5 0 a n o rt h o si ti c lo w e r c ru st
